We calculate perturbatively the effect of density on hadronic properties using the chiral quark model implemented by the QCD trace anomaly to see the possibility of constructing Lorentz invariant Lagrangian at finite density. We calculate the density dependent masses of the constituent quark, the scalar field and the pion in one-loop order using the technique of thermo field dynamics. In the chiral limit, the pion remains massless at finite density. It is found that the tadpole type corrections lead to the decreasing masses with increasing baryon density, while the radiative corrections induce Lorentzsymmetry-breaking terms. We found in the large N c limit with large scalar mass that the tadpoles dominate and the mean-field approximation is reliable, giving rise a Lorentz-invariant Lagrangian with masses decreasing as the baryon density increases. 21.65.+f, 25.75.+r, 12.39. Fe Ki, 24.85.+p 
Introduction
It has been discussed by a number of authors that QCD trace anomaly plays an important role at finite density and temperature. Dilaton fields which mimic the QCD trace anomaly are used to scale non-linear σ-model to study phase transitions [1] [2] and Nambu-Jona-Lasinio model to study quark and gluon condensate [3] at finite density. A relativistic hadronic model with dilaton fields for nuclear matter and finite nuclei is constructed and applied to the one-baryon loop level to finite nuclei [4] . It has been also suggested by Brown and Rho [2] that the scale anomaly of QCD suitably incorporated into an effective chiral Lagrangian allows one to study dense-medium effects in a simple mean-field approximation provided the parameters of the Lagrangian scaled in medium. The predicted scaling law (called "BR scaling") has been found to be consistent with a variety of nuclear phenomena [5, 6, 7] . Starting with chiral quark model of constituent quarks and pions that incorporates the QCD scale anomaly, Beane and van Kolck [8] showed that the "mended symmetry" of Weinberg [9] can be realized in the dilaton limit with the effective Lagrangian. As discussed in [5] , there is a close relation between the physics of BR scaling and that of the dilated chiral quark model of Beane and van Kolck [8] . Thus the dilated chiral quark model is supposed to describe in some qualitative and heuristic way the state of matter near the chiral phase transition much as BR scaling is to describe the "dropping" hadron masses near the phase transition [10] . In the recent work [11] , this aspect of the dilated chiral quark model was exploited to predict the temperature dependence of hadronic properties near the phase transition: this calculation confirms what has always been tacitly assumed, namely, a more rapid decreasing of f π , m σ , and m with temperature in the presence of matter density compared with the zero-density σ model. In these developments, the question as to how relevant the dilaton limit is to dense nuclear matter was not, however, properly addressed: for example, how the Lorentz-invariant description of dilaton limit in the presence of Fermi sea could be a good approximation.
In this paper, we make an attempt to answer the question by calculating density effects starting from the chiral Lagrangian implemented with the QCD trace anomaly. We calculate perturbatively the effect of density on hadronic properties using the chiral quark model with dilaton fields from which Bean and van Kolck derive, in the dilaton limit, the dilated chiral quark model. Since we are interested mostly in density effects, we take the low-temperature limit and focus on the parts that explicitly depend on the density. Using large N c approximation [12] , we show that the terms which break Lorentz invariance can be neglected at large N c and for large dilaton mass and discuss the physical relevance of Lorenz-invariant Lagrangian at finite density.
The paper is structured as follows. In section 2, we present the chiral quark model with the dilaton fields and analyze the one-loop structures of the model using large N c approximation. We calculate the density-dependent masses of the pion (m π ), the constituent quark (m) and the scalar field (m χ ) in section 3 at one-loop order using the technique of thermo field dynamics. In section 4, we discuss the relevance of mean-field approximation in our perturbative calculations and summarize the results. The basics of the thermo field dynamics are summarized in Appendix I. Some details of our calculations are given in Appendix II.
Effective Chiral Lagrangian
The effective chiral-quark Lagrangian [13] implemented with the QCD
Expanding U in terms of pion fields and collecting the terms relevant for one-loop corrections, the Lagrangian for the fluctuating field can be written as
We analyze the Lagrangian using the large N c approximation at one-loop 
Perturbative calculations
We compute the diagrams representing mass corrections at one-loop approximation. At very low temperature, the Bose-Einstein distribution func-
goes to zero but the Fermi-Dirac distribution function
becomes θ(µ − p). Thus in our case, the finite-temperature and -density corrections come from quark propagators. In our calculations of Feynman integrals, we shall follow the method of Niemi and Semenoff [15] .
In the case of renormalization of finite-temperature QED [16] one encounters a new singularity like
. However in our case, because pion-quark vertices depend on momentum, we do not have any additional infrared singularities at finite temperature and density. At finite temperature and density, the lack of explicit Lorentz invariance causes some ambiguities in defining renormalized masses. The standard practice is to define density-dependent (or T -dependent) mass corrections as the energy of the particle at p = 0 [17] . In our case, this definition may not be the most suitable one because of the Fermi blocking from the fermions inside the Fermi sphere. We find it simplest and most convenient to define the mass at p = 0.
Pion mass
We first consider pion mass in baryonic matter at low temperature. There are three density-dependent diagrams, Fig. 1 , that may contribute to pion mass corrections. The first one, Fig. 1a , vanishes identically due to isospin symmetry. Explicit calculation of the two diagrams in Fig. 1b gives, for
With the change of variable on the second term, p+k → k, the above integral can be rewritten as
Since the pion self-energy is proportional to p 2 , the pole of the pion propagator does not change. Hence the pion remains massless as long as there is no explicit chiral symmetry breaking. Naively we might expect that the pion may acquire a dynamical mass due to dynamical screening from thermal particles or particle density, which is the case for QED [18] even with gauge invariance. The reason for this is the derivative pion coupling to the quark field. In eq. (7), the terms with p · k may give rise to terms which are not proportional to p 2 , which lead to the pion mass correction after dk integration. However, those terms are proportional to p 2 + 2k · p or p 2 − 2k · p which are cancelled by the their denominators and contribute nothing after the dk integration. This feature has been explicitly demonstrated in eq. (7).
Since the pole of the pion propagator does not change, we can take the renormalization point at p 2 = 0. Then the integrand itself vanishes, so there is no wave-function renormalization for the pion in dense medium.
Quark mass
At one-loop order, the quark self-energy is given by the diagrams of Fig.   2 and Fig. 3 . The diagram Fig. 2 gives
where ρ s is the scalar density obtained from the fermionic loop with thermal propagator,
where p 2 F = µ 2 − m 2 . With I defined as ρ s = 4mI, we get
The radiative correction from the pion field in Fig. 3a is
Finally, the radiative correction due to the χ-field in Fig. 3b is found to be
where J is defined
In sum, the self-energy of the quark with four momentum (E, p) can be written in the form
where a, b, and c are
where we have used the relation [16] , J · γ = J· p p· γ p 2 . The detailed calculations of J 0 and J · p are given in appendix II.
From eq. (15), we can see that the scalar field radiative corrections violate the Lorentz symmetry, that is, a = −b, unless
On the other hand, the pion radiative corrections in a and b preserve Lorentz covariance.
Since we have only O(3) symmetry in the medium for the quark propagation,
we will adopt the conventional definition of mass as a zero of the inverse propagator with zero momentum. The inverse propagator of the quark is given by
The mass is now defined as the energy which satisfies det(G −1 ) = 0 with
Since a and c are perturbative corrections, eq. (18) can be approximated to the leading order as
If we define the mass as the energy of the particle at finite density, the quark mass becomes
The first line in eq. (20) This does not seem to be the correct physics for BR scaling as evidenced in Nature. However, as discussed in section 2, the tadpole contribution to consitutent quark mass, Fig.2 , is of order 1 and that from Fig.3 is of order . So we can neglect the Fig.3 for large N c and obtain in-medium quark mass,
In the large N c limit, therefore, the quark propagator retains Lorentz covariance and the mass does decrease according to the mean-field approximation.
Scalar mass
Now consider the mass shift of the dilaton field (see Fig. 4 and Fig. 5 ).
The tadpole diagram, Fig. 4 , gives
where the factor 3! comes from the topology of the diagram. This corresponds to the mean-field approximation at one-loop order.
The analytic expression for the contribution from 
Note that the terms on the second and the third lines contribute only to the energy of the dilaton field and hence break Lorentz invariance. This contribution, (23), however can be neglected since it is suppressed compaired to that of tadpole, eq. (22), by
. Hence the Lorentz invariance is maintained approximately in the large scalar mass approximation. Now the renormalized dilaton mass becomes
The mass of the dilaton drops as density increases. This is consistent with the tendency for the scalar to become dilatonic at large density, providing an answer to the question posed at the beginning.
Discussion
So far, we have not taken into account the fact that introducing the thermal fluctuation can cause further shifting of the vacuum expectation value of the dilaton field. The vacuum expectation value of χ ′ -field in eq.(3) is zero, < 0|χ ′ |0 >=0, at zero density. The introduction of the new ground state, |F >, which are already occupied by constituent quarks with E<E f (fermi energy), implies the necessity of shifting the vacuum. Imposing the condition that all tadpole graphs vanish on the physical vacuum, in terms of Weinberg's notation [19] , the condition is
where P (χ ′ ) is a polynomial in χ ′ andT is the sum of all tadpole graphs. In our case, we are interested in the small change of vacuum expectation value,
So we can drop higher powers of the χ ′ -field and retain only the tadpoles that depend on density at one-loop order. Then the eq. (25) reads
where χ 0 ≡< F |χ ′ |F >. Then, we get the vacuum expectation value of the χ ′ -field.
This is equivalent to Fig. 1 
where the ellipsis stands for the interaction terms including pions and χ- 
This is the result obtained in the previous section. Hence we can see that the mean field approximation in the chiral quark model coupled to dilaton is a good approximation in the large N c limit with massive dilaton, ( m mχ
and gives
as predicted by BR scaling. This is somewhat different from the observa- 
where α and β are Dirac indices and x = β(p 0 − µ).
The propagator of the scalar particle with mass m s is given by 
where y = βp 0 . 
Figure Captions

